STUDY OF SOME ENZYME SYSTEMS BY MEANS OF THE DIFFERENTIAL MICRORESPIROMETER by Entner, Nathan & Kirk, Paul L.
STUDY  OF  SOME  ENZYME  SYSTEMS  BY MEANS  OF THE 
DIFFERENTIAL MICRORESPIROMETER* 
BY NATHAN ENTNER AND PAUL L. KIRK 
(From the Division of Biochemistry, University of California Medical School, Berkeley) 
(Received for publication,  August 14, 1950) 
The differential capillary microrespirometers described by Stern and Kirk 
(1),  Cunningham and Kirk (2),  and Kirk (3),  all had facilities for control of 
the gas mixture used in the chambers and for addition of reagents to the test 
drop during operation. These are features which are also present in the well 
known Warburg apparatus  (4) used for manometric analysis. The differential 
microrespirometer, on the other hand, is an instrument capable of far greater 
sensitivity; e.g.,  about  200  times as sensitive as the Warburg apparatus.  It 
should be capable then, of operating satisfactorily in ranges of relative insensi- 
tivity of the latter apparatus. If the respirometer can be applied to the same 
types of study as the Warburg apparatus, it should serve as a  substitute for 
that equipment when very small systems are to be investigated. 
The advantage of testing' very small samples during the isolation of enzyme 
systems is quite obvious. So little of the valuable concentrates would be lost 
that there would be relatively much greater yields than are obtained at present. 
This would be of particular value when a  series of fractionations are carried 
out in the process of purification of an enzyme. The instrument has already 
proven most valuable when a  system or organism has a very low respiration 
rate. Similar considerations should apply in its use with enzyme systems. The 
construction of the mierorespirometer also minimizes the effect of temperature 
changes and eliminates the  effect of barometric pressure  changes that may 
occur during an experiment. One who has used the Warburg apparatus recog- 
nizes the significant changes in pressure that occur with only slight changes of 
temperature. In the microrespirometer with its differential principle, changes 
in  temperature affect the pressure  equally on both sides of a  dosed system 
so that the effect is cancelled out. 
In order to demonstrate whether the differential microrespirometer can be 
utilized conveniently for other than respiration measurement, a  multiple en- 
zyme system was studied and is reported on in this communication. The results 
were comparable in all respects with the results of measurement in the War- 
burg apparatus. No effort was made to investigate completely any particular 
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enzyme  system, but rather to demonstrate the applicability of the instrument 
and technique in this field. 
EXPERIMENTAL 
The microrespirometers employed were the models described by Stern and Kirk (1) 
which contained needle valves by which the interior atmosphere could be controlled. 
In order to flush the chambers with a particular gas, the valves were connected to the 
source of that gas and the respirometer plate was loosened so that both chambers 
were just open to the external atmosphere. The system was flushed until all gas was 
replaced and the plate lowered, after which, immediately, the valves were closed thus 
guaranteeing the presence in the chamber of only the gas introduced. Ordinarily, the 
gases utilized in enzyme studies require a  controlled carbon dioxide content, main- 
tained in equilibrium with bicarbonate solution. 
Mixing of Reagents 
Reagents can be added at will by either of two expedients. The first of these, which 
is the simpler, allows only for the addition of one reagent. It consists essentially of 
the method described originally by Stern and Kirk (1); that is, placing the test drop 
close to the edge of the bottom of the chamber with the drop to be added placed at 
the intersection of the bottom with the side of the chamber and not touching the first 
drop. A paraffin surface on the inside of therespirometer is desirable to preventwetting 
and premature merging. With reasonable care, handling of the instrument while one 
drop wets a little of the bottom and a considerable portion on  the side wall, the other 
one wetting only the bottom will not produce merging until the respirometer is given 
a sharp rap on the table, at which time the two drops will flow together and mix. The 
admixture of the two drops was tested originally by the addition of hydrochloric acid 
and sodium carbonate solution which showed that all the carbon dioxide was released 
rapidly after this treatment. 
Calibration 
Four calibrations were made in a  similar manner, each of them making use of 5x  t 
of 0.01  K Na~CO8  solution corresponding to  1.12  ~  of  carbon  dioxide or 5  ×  10  -9 
micromoles. Excess acid was used in the upper drop. The data of this calibration are 
given in Table I. 
Each set of readings in Table I  was made from a different portion of the capillary 
tube and it is probable that some of the variations shown are due to the capillary  rather 
than the calibration technique. In general, shaking was not necessary to obtain com- 
plete mixing though in one or two instances release of gas was somewhat slow and a 
little shaking was used. 
If more than one reagent must be added, a  second reagent may be placed in the 
opposite side of the respirometer chamber at such a distance that it will not be merged 
by the jar that merges the first two drops. It must contain a small stirrer made from 
coating a piece of soft iron with glass. The admixture of this drop wilt then be made 
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by bringing  a magnet close to the chamber which will draw the stirrer across and merge 
the drops. For complete mixing, the respirometer may be held in the air and the 
magnet passed back and forth a few times beneath it. 
Preliminary Test of Yeast Respiration 
Because yeast shows both respiration and fermentation it seemed to be a desirable 
test system for preliminary investigation. A suspension of Fleischmann's yeast was 
TABLE I 
CaHbrat&m of the Microrespifomaer 
Time 
0 
3 
6 
9 
12 
15 
20 
Series 
4.90 
5.6 
6.6 
7.2 
7.2 
7.5 
7.50 
6.15 
7.6 
8.0 
8.10 
8.30 
8.62 
8.68 
III 
2.35 
3.50 
4.35 
4.92 
4.98 
5.10 
5.10 
IV 
9.72 
10.95 
11.45 
11.90 
12.05 
12.15 
12.37 
Total change .......  2.60  2.53  2.75  2.65 
Average ............  2.63  _4- 0.1, equivalent  to 0.426 X/cm. or 1.90  X  10  -2 ttmols/cm. 
TABLE II 
Rate of O~ Uptake by a Yeast Suspension 
Time  O1 uptake  Rate in divisions/hr. 
15 rain.  0.40 division  1.6 
3 hrs.  5.70  divisions  1.9 
14 hrs.  Approx. 23  divisions  1.8 
made to contain most of the active enzymes of yeast. The substrate was 1 per cent 
ethyl alcohol. Since the suspension will utilize oxygen in its respiration and can also 
oxidize alcohol to carbon dioxide, a paper impregnated with barium hydroxide solu- 
tion was used to remove carbon dioxide. Methylene blue was also added to mediate 
the uptake of oxygen. This did not appear to be essential since the yeast contained 
the cytochromes, but it did prove useful in determining the limits of the apparatus 
with respect to oxygen saturation of the test drop. The yeast suspension was used in 
a volume of 5 X to which were added 10 x of 1 per cent alcohol, 5 X of methylene blue, 
and 5 x of 0.5 ~  phosphate buffer at pH 7.8. A barium hydroxide-impregnated filter 
was inserted in the chamber. The control cup was filled  identically except that no 
substrate was added. The oxygen uptake rate is shown in Table II. 434  ENZYME  SYSTEMS  STUDIED  BY  M'ICRORESPYROMETER 
The rate of oxygen consumption was approximately constant during 14 hours with 
the small amount of yeast used.  Because of the slow rate of oxygen consumption, a 
volume three times as great of the same suspension  was used in a second experiment. 
The substrate was increased proportionately and the buffer and methylene blue were 
both added  in  twice the  quantity of the first experiment. After 4 hours,  the  COs 
output exceeded the oxygen uptake thus causing reversal of the direction of the index 
droplet. This was caused by a protective coating of barium carbonate which formed 
on the barium hydroxide paper so that absorption was stopped. On examining the 
yeast suspension  it was found that methylene blue had also been decolorized.  These 
findings are important as indicating the limits of application of the instrument to larger 
volumes. It is clear that it is not applicable when the volumes are such that the oxygen 
cannot rapidly equilibrate with the liquid phase, unless shaking is adopted. Shaking 
is not required in the smaller drops in which  the ratio of surface area to  volume is 
large. It is also evident that KOH would be more suitable for COs absorption than 
Ba(0H)2. 
Enzyme Study 
Study of several factors of enzyme action was carried out, including inacti- 
vation time, reproducibility of Qo,, and enzymic hydrolysis. A single prepara- 
tion  ~ of dried cells of Clostridium kluyveri was employed. It was known to con- 
tain  several enzyme systems including  the  dehydrogenases  that  oxidize both 
ethyl alcohol and butyric acid, and a  phosphatase.  It was these two enzyme 
systems whose study is reported here. 
Inactivation Time of Dehydrogenase 
The dehydrogenase system of this preparation had been found  to undergo 
inactivation by oxygen, the effect being greater with increased dilution. It was 
also  known  to  transfer  electrons  directly  to  oxygen  without  formation  of 
carbon dioxide.  For the latter reason, it was not necessary to include an alka- 
line trap in the respirometer. Two concentrations of the test solution contain- 
ing dried cellular material were prepared as shown in Table III. The substrate 
in  each instance  was  1 per cent  alcohol in  a  phosphate buffer of pH 7.8.  A 
similar substrate  solution  lacking  the  enzyme preparation was placed in  the 
control  chamber of the  respirometer.  The  determination  was made at 21°C. 
It  will  be  noted  from  the  readings  at  various  time  intervals  that  the  well 
known  inactivation  effect of  dilution  is  shown.  It  required  180  minutes  to 
inactivate the more concentrated  solution as compared with only 80 for the 
preparation which was approximately twice as dilute.  The absolute amounts of 
the dry preparation utilized for the determinations were 0.123  and 0.297  rag. 
respectively as compared with 25 to 50 rag. which would have been necessary 
for the same study in the Warburg apparatus. 
Obtained from Dr. H. A. Barker of the Division of Plant Nutrition,  who had 
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Reproducibility of Qo, of Dehydrogenase 
In order to  compare and evaluate the Qo~  of the dehydrogenase system in 
successive determinations,  four  15  minute  runs  were carried out.  The  condi- 
TABLE III 
Inazli~ation Time 
Solution I*  Solution II~ 
Time  02 uptake  Time  01 uptake 
m/n. 
1 
3 
6 
9 
12 
15 
20 
4O 
60 
80 
100 
0.068 
0.089 
0.11 
0.13 
0.18 
0.26 
0.28 
0.38 
0.46 
0.56 
0.56 
m~n. 
1 
2 
3 
6 
9 
12 
15 
20 
25 
30 
6O 
90 
120 
165 
180 
0.68 
0.10 
0.19 
0.36 
0.52 
0.61 
0.73 
0.90 
1.01 
1.12 
1.81 
2.13 
2.51 
2.74 
2.75 
* 0.123 rag. enzyme preparation/15 X. 
0.291 rag. enzyme prepaxation/20 X. 
TABLE IV 
Reproduci~lity of Qo~ 
Amount of enzyrae  used  Volume/15 rain.  Qo2 
mg. 
0.290 
0. 268 
0.272 
0.484 
xos 
0.895 
0.775 
0.754 
1.53 
X Os/mg./hr. 
12.3 
11.6 
ll.1 
12.6 
Average  ....................  11.9 
tions of the determinations are the same as those described for  the  study  of 
inactivation time except as noted  in Table  IV which  shows  the  data.  Small 
variations  in  enzyme  concentration  existed,  the  maximum  difference  being 
from 0.268 rag. to 0.484 rag. of dried preparation in equivalent  volumes. The 
values of Qot in XOz/mg./hour ranged from 11.1  to 12.6, average 11.9, and were 436  ENZYME  SYSTEMS  STUDIED BY 3/ICRORESPIROMETER 
possibly influenced to a  slight extent by the  concentration, though the effect 
was not uniform. The tendency to the pseudo-zero order reaction may be  in- 
ferred; i.e., the rate was proportional to the enzyme present. The findings again 
agreed well with the results of Warburg apparatus study,  though the amount 
of material was smaller by about the same amount as before. 
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MINUTES 
Fie. 1. Hydrolysis of acetyl phosphate. 
Hydrolytic Action of Ptwsphatase 
The same dry enzyme preparation had been found to contain an enzyme 
capable of splitting acetyl phosphate in a  system buffered by sodium bicarbo- 
nate  and a  controlled concentration of carbon dioxide.  Under these circum- 
stances, the hydrolysis of acetyl phosphate resulted in liberation of additional 
carbon dioxide which could be measured with the differential microrespirom- 
eter. The fact  that a  controlled gas  mixture  can  be used  in  the  instrument 
made the measurements possible. 
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As substrate, a neutral solution  of lithium salt of acetyl phosphate in bicar- 
bonate buffer was added. Since acetyl phosphate is unstable, the same quantity 
of the material was added to both chambers of the instrument in one determi- 
nation,  thus  cancelling  any  effect  from  spontaneous  decomposition.  Two 
additional determinations were carried out with acetyl phosphate only in the 
test cup. Such an experiment would be employed to determine actual amounts 
of the compound, whereas the one using acetyl phosphate in both cups demon- 
strates the enzymatic degradation over and above that of spontaneous decom- 
position.  It should be noted that in the Warburg the latter type of experiment 
could not be  conducted in a  single vessel  but would require  two separate 
vessels and subsequent corrections. 
The results are shown in Fig.  1. Curves  1 and 2 were obtained in duplicate 
determinations in which  the test cup contained 10 k  of enzyme preparation 
with 10 k of acetyl phosphate solution in buffer. The control cup contained 20 
k of 0.1 N bicarbonate solution.  Fair reproducibility is shown. Curve 3 shows 
the result of adding acetyl phosphate to both cups. The ascending portion of 
the curve represents  the resultant of enzymic and spontaneous breakdown in 
one cup balanced by spontaneous breakdown alone in the other cup. Mter the 
enzyme action has diminished,  spontaneous breakdown continues  until ulti- 
mately the same pressure  is reached in both chambers  of the respirometer. 
These effects are entirely analogous to those found with the Warburg appara- 
tus on much larger samples of the same preparation. 
SUXr~t~Ry 
Three enzymic phenomena,  inactivation by oxygen, Qo, measurements of 
a dehydrogenase system, and hydrolysis of acetyl phosphate by a phosphatase 
of Clostridium kluy~eri,  were studied by means of the d~erential microres- 
pirometer. 
Respiration of yeast cells was also measured with the same instrument. 
All results obtained in the four types of study agreed closely with earlier 
results obtained with the Warburg apparatus. The amount of sample needed 
was of the order of 1/100 to 1/200 of that necessary for comparable study with 
the Warburg apparatus. The advantages of the instrument in enzyme isolation 
and purification studies are discussed. 
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